Host defense against viruses probably depends on targeted death of infected host cells and then clearance of cellular corpses by macrophages. For this process to be effective, the macrophage must presumably avoid its own virus-induced death. Here we identify one such mechanism. We show that mice lacking the chemokine Ccl5 are immune compromised to the point of delayed viral clearance, excessive airway inflammation and respiratory death after mouse parainfluenza or human influenza virus infection. Virus-inducible levels of Ccl5 are required to prevent apoptosis of virus-infected mouse macrophages in vivo and mouse and human macrophages ex vivo. The protective effect of Ccl5 requires activation of the Ccr5 chemokine receptor and consequent bilateral activation of G ai -PI3K-AKT and G ai -MEK-ERK signaling pathways. The antiapoptotic action of chemokine signaling may therefore allow scavengers to finally stop the host cell-to-cell infectious process.
The host response to intracellular pathogens is aimed at rapidly killing infected cells. In the case of respiratory viruses, host cells may be programmed with innate responses triggering cell suicide and immune cell recruitment and activation 1 . For effective control of infection, the host must also mount an adaptive immune response that depends primarily on cytotoxic lymphocytes 2 . These cells are guided to the tissue by local expression of cell adhesion molecules and chemokines provided by infected cells [3] [4] [5] . Once at the site, T-cell recognition of infected cells triggers killing, thus eliminating these target cells 6 . This process may be mutually reinforcing, as it seems that chemokines such as chemokine (C-C motif) ligand 5 (CCL5) may not only recruit cytotoxic lymphocytes but may also aid in the generation and activation of antigen-specific T cells [7] [8] [9] .
Once this killing phase is complete, it is equally crucial to clear virus-infected, apoptotic cells from the tissue. The cell type responsible for clearance of debris is primarily the tissue macrophage. If the clearance process is disrupted, pathogens are not effectively removed and residual apoptotic cells, including activated macrophages themselves, can cause further tissue damage through proinflammatory proteinases and cytokines. Thus, for effective clearance to take place, macrophage viability must be maintained in the face of infection. The basis for the preservation of infected macrophages is poorly understood.
Here, we assess the role of Ccl5 in antiviral immunity using experimental viral infection and a mouse that lacks Ccl5 (Ccl5 À/À ). Based on earlier work 3, 5 , we expected to find a defect in immune cell traffic, consistent with the phenotype of other chemokine-deficient mice 10, 11 . Instead, we show that Ccl5 is essential to protect tissue macrophages from virus-inducible cell death, thus allowing them to clear the infection. This chemokine function is dependent on chemokine (C-C motif) receptor 5 (Ccr5) activation at physiologic levels of ligand that stimulate the antiapoptotic cascade pathways G ai -phosphatidylinositol-3-kinase (PI3K)-AKT and G ai -mitogenactivated protein kinase kinase (MEK)-extracellular-signal-regulated kinase-1/2 (ERK1/2), which mediate cell growth and survival in other systems 12, 13 .
RESULTS
Effect of viral infection on Ccl5 À/À and Ccr5 À/À mice We assessed the pattern of expression and function of Ccl5 in Ccl5 À/À versus wild-type mice inoculated with mouse parainfluenza virus type 1 Sendai virus (SeV). The experimental conditions allowed for high viral replication and a pattern of infection and illness in wild-type C57BL6/J mice that was similar to human paramxyovirus infection 1, 14 . In response to replicating SeV, Ccl5 mRNA and protein were induced in the lungs of wild-type but not Ccl5 À/À mice (Fig. 1a) . Ccl5 was expressed predominantly in airway epithelial cells, closely matching the major sites of viral replication ( Fig. 1a and Supplementary Fig. 1 online) . Both Ccl5 À/À mice and Ccr5 À/À mice showed increased lethargy, weight loss and mortality after infection compared to wild-type mice (Fig. 1b) . In infected wild-type mice Ccr5 (but not the genes encoding other Ccl5 receptors such as Ccr1 and Ccr3) was induced in airway epithelial cells and macrophages, again tracking with viral replication (Fig. 1c,d and Supplementary Fig. 1 online) . Under all conditions, necropsy indicated bronchiolitis and alveolitis without abnormalities in organs other than the lung.
We initially reasoned that the decreased survival of Ccl5 À/À and Ccr5 À/À mice could result from abnormalities in T-cell function 5,7 , but we observed no differences in airway lymphocyte infiltration in Ccl5 À/À and Ccr5 À/À mice compared to wild-type mice (Fig. 2a) . Moreover, flow cytometry of immune cells from spleen, lung, and bronchoalveolar lavage (BAL) fluid of Ccl5 À/À and wild-type mice showed that levels of T-cell activation seemed unchanged. In particular, SeV infection caused similar increases in CD8 + SeV-specific, as well as total CD8 + , CD25 + , CD44 + and interferon (IFN)-g + lymphocytes and similar decreases in CD62L + lymphocytes in Ccl5 À/À and wild-type mice (Fig. 2b, Supplementary Fig. 2 online and data not shown). Thus, virus-inducible T-cell activation and traffic seemed to be intact despite the Ccl5 deficiency. In contrast, Ccl5 À/À mice showed a decrease in macrophage numbers in the airspace concomitant with an accumulation of macrophages in the subepithelium at days 4-7 after infection and epithelium at days 8-9 after infection (Fig. 2a,c and Supplementary Fig. 3 online) . Immunostaining of serial tissue sections and lung and BAL fluid cells indicated that these macrophages were persistently infected with virus and were undergoing apoptosis at increased levels in Ccl5 À/À compared to wild-type mice (Fig. 2c-e and Supplementary Fig. 3 online) . The same pattern was found in Ccr5 À/À mice (data not shown). Using a more common human pathogen, influenza virus (FluV), we found a similar compromise in Ccl5 À/À and Ccr5 À/À mice, including increased death rates and accumulation of infected, apoptotic tissue macrophages (Supplementary Fig. 4 online) . Thus, our results suggested an alteration in macrophage behavior underlying the phenotype of Ccl5 À/À mice.
Ccl5-Ccr5 interaction and macrophage survival
The phenotype we observed in Ccl5 À/À mice was distinct from those found in other models of chemokine blockade, in which animals show decreased immune cell emigration after infection 10, 11, 14, 15 . Our results may have been compatible with defective macrophage traffic due to loss of chemotactic signal, resulting in higher levels of macrophage infection and death; however, the distinct phenotype in Ccl5 À/À mice was better explained when we found that the Ccl5-Ccr5 interaction was necessary to prevent virus-induced apoptosis in isolated macrophages.
Initial experiments indicated that wild-type mouse macrophages inoculated with SeV highly induced Ccl5 mRNA. Levels of mRNA encoding the Ccl5 receptors (Ccr1, Ccr3, Ccr5) or alternative ligands for these receptors (Ccl3, Ccl4) were unchanged by viral infection (Fig. 3a) . Macrophages from Ccl5 À/À mice did not induce Ccl5 in response to viral infection, but otherwise showed similar expression of genes encoding other chemokines, chemokine receptors and antiviral proteins ( Fig. 3b and data not shown) . Macrophages from wild-type mice achieved Ccl5 levels of 5-8 nM in culture medium by days 2-4 after inoculation (Fig. 3b) and also upregulated Ccr5 (Fig. 3a,c and Supplementary Fig. 5 online) , similar to the expression pattern found in vivo. Induction of Ccr5 protein without corresponding increases in Ccr5 mRNA is consistent with reports that the expression of chemokine receptors is regulated at the level of protein traffic to the cell surface 16, 17 .
Under these conditions, endogenous Ccl5 was protective against virus-induced apoptosis ( Fig. 3d and Supplementary Fig. 5 online) . Moreover, exogeneous restoration of physiologic levels of Ccl5 fully reversed the defect in cells from Ccl5 À/À mice. In addition, the absence or blockade of Ccr5 caused increased virus-inducible apoptosis at levels equivalent to those observed in Ccl5 À/À macrophages (Fig. 3d) . Thus, in Ccl5 À/À and Ccr5 À/À mice, accumulation of apoptotic Days after inoculation Percent cumulative survival Figure 1 Excessive airway inflammation and respiratory failure after paramyxoviral infection in Ccl5 À/À mice. (a) Ccl5 À/À and wild-type mouse lungs from day 5 after inoculation with SeV or UV-inactivated SeV (SeV-UV) were subjected to in situ hybridization with 35 S-labeled Ccl5 cRNA or immunostained with Ccl5-specific monoclonal antibody or SeV-specific antibody. (b) Ccl5 À/À , Ccr5 À/À and corresponding control mice were inoculated as in a and monitored for survival (n ¼ 29 mice per group). *P o 0.05. (c) Mice were inoculated as in a, and lung sections were subjected to immunofluorescence microscopy using Ccr5-specific monoclonal antibody and FITC-conjugated secondary antibody. (d) Mice were inoculated as in a, and BAL fluid cells from day 9 after inoculation were subjected to immunofluorescence microscopy using Ccr5-specific monoclonal antibody and Mac-3-specific antibody (top row) or SeV-specific antibody and FITC-conjugated secondary antibody and CD68-specific monoclonal antibody (bottom row) as well as corresponding FITC-or Cy3-conjugated secondary antibody and Hoescht dye for nuclei. For a,c and d, controls for immunostaining (nonimmune IgG) and in situ hybridization (sense probe) gave no signal over background. Scale bars, 20 mm.
macrophages in tissue could be explained by premature cell death before reaching the airspace. In addition, similar to findings with mouse macrophages, we found that blockade of Ccr5 caused increased apoptosis in human macrophages infected with SeV as well as respiratory syncytial virus and influenza virus (Fig. 3e ).
Ccl5-Ccr5 interaction inhibits virus-induced apoptosis
We next aimed to determine how Ccl5 and Ccr5 protected against virus-induced apoptosis. Ccl5 inhibition of viral entry and/or replication seemed improbable, as similar infection rates (95-100%) were seen in wild-type and Ccl5 À/À cells, and viral replication was similar in macrophages with or without Ccl5 (Fig. 3f) . Additional experiments indicated that initial rates of infection were also no different at lower multiplicity of infection (MOI; 0.1-10) in wildtype versus Ccl5 À/À cells (data not shown). Instead, our results indicate that Ccl5 blocks virus-inducible apoptosis in macrophages through inhibiting intracellular death pathways. Accordingly, we defined the Ccl5-triggered signaling pathway that blocks virusinduced apoptosis using a combined analysis of phosphorylation and activation events and corresponding levels of apoptosis in the presence or absence of selective inhibitors.
Initial experiments indicated that Ccl5 induced the phosphorylation of Erk1/2 and Akt in mouse and human macrophages. This was dependent on ligand concentration, blocked by Ccl5-or Ccr5-specific antibodies, and was absent in Ccr5 À/À macrophages ( Fig. 4a and data not shown). In particular, Ccl5 concentrations in the range detected during viral infection (0.1-10 nM) activated Erk1/2 and Akt through a mechanism that depended on Ccr5 (Fig. 4a) . We found a similar pattern of activation for Ccl3 and Ccl4 ( Supplementary Fig. 6 online), suggesting that the basis for the Ccl5 À/À phenotype rests on the selective virus-inducible expression of Ccl5 rather than distinct signaling capabilities. Treatment with concentrations of Ccl5 greater than the physiologic range (100 nM) caused further activation of Erk1/2 that did not depend on Ccr5. This finding is consistent with reports of Ccl5 multimer formation at higher concentrations that bind cell-surface glycosaminoglycans and activate SRC kinase-dependent signaling 18 .
As Ccl5 showed antiapoptotic function at low (2-10 nM) levels that required Ccr5, we first concentrated on defining signaling through this interaction. At low concentrations (5 nM), CCL5-inducible activation of ERK (but not AKT) was blocked by the MEK inhibitor PD98059, whereas activation of AKT (but not ERK) was blocked by the PI3K inhibitor LY294002 in human macrophages (Fig. 4b,c) , at least partially segregating these two CCL5-CCR5-driven pathways. We inhibited each of these pathways by treatment with pertussis toxin, which inhibits the G protein downstream of CCR5 and upstream of MEK-ERK and PI3K-AKT (Fig. 4b,c) . As pertussis toxin also increased background phosphorylation, we also tested it in combination with LY294002 (which decreased background) and still found inhibition of MEK-ERK signaling. Neither of these pathways (CCR5-G ai -MEK-ERK or CCR5-G ai -PI3K-AKT) was influenced by the SRC kinase inhibitors herbimycin A or PP2. When we administered CCL5 at high (100 nM) levels, inducible activation of ERK1/2 (but not AKT) was further increased, and this activation persisted despite treatment with pertussis toxin and was sensitive to herbimycin A (Supplementary Fig. 6 online). These findings suggest SRC-dependent (CCR5-and G-protein-independent) activation of ERK1/2 at higher levels of CCL5 in macrophages. This level of CCL5 is somewhat less than reported for herbimycin-sensitive effects in T-cell clones (1 mM) 7 , but seems still capable of activating the hematopoietic cell kinase (HCK) member of the SRC kinase family 18 ( Supplementary Fig. 6 online) . Together, our observations indicate that high levels of CCL5 (capable of multimer formation) signal through HCK independently of the CCR5 G-protein-coupled receptor, but at physiologic levels, CCL5 (acting as a monomer) signals through CCR5 and independently of any SRC family kinases. In this case, CCR5 activation initiates dual signals to G ai -MEK-ERK or G ai -PI3K-AKT. Consequently, losing either of these two pathways should lead to loss of protection from virus-induced apoptosis. This possibility was confirmed when we observed that inhibition of either Akt or Erk pathways (under conditions not affecting baseline apoptosis) caused substantial increases in virus-induced apoptosis in wild-type but not Ccl5 À/À macrophages (Fig. 4d) .
We reasoned the same antiapoptotic pathways observed in macrophages might be present in airway epithelial cells, because these cells also showed viral induction of Ccl5 and Ccr5 expression in vivo. This prediction was confirmed when we observed increases in virusinduced apoptosis, accompanied by caspase dependence and mitochondrial membrane depolarization, in Ccl5 À/À and Ccr5 À/À airway epithelial cells in vitro ( Supplementary Fig. 7 online) . Together, the findings define a pathway for virus-inducible apoptosis that relies on caspase activation and mitochondrial dysfunction and is ordinarily held in check by Ccl5 and Ccr5 expression and signaling.
Defective signaling and macrophage function in vivo We aimed to further link our observations in vivo with those in vitro. We initially analyzed signaling events in cells obtained by BAL from Ccl5 À/À versus wild-type mice after viral infection. Similar to our observations in cultured macrophages, we found that Ccl5 À/À and wild-type mice manifest similar activation of Erk1/2 and Akt at baseline, but Ccl5 À/À mice showed blunted activation after viral infection (Fig. 5a ). Differences were maximal at days 3-5 and were absent by day 8 after inoculation, thus coinciding with the time course for Ccl5 expression. We attributed decreased phosphorylation in Ccl5 À/À BAL cells to the predominant macrophage population, but recognized that other cell types could influence the results. Accordingly, we monitored kinase activation by immunostaining of BAL fluid cells and tissue sections and found that Ccl5 À/À macrophages showed a notable decrease in levels of phosphorylated Erk1/2 and phosphorylated Akt after viral infection
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Percent Ccr Macrophages from indicated mice were infected as in a, and cell supernatants were subjected to ELISA for Ccl3, Ccl4 and Ccl5 at indicated times after inoculation. (c) Wild-type mouse macrophages were infected as in a and subjected to DAPI stain and immunofluorescent stain for Ccr1, Ccr3 and Ccr5. (d) Macrophages from indicated mice were infected as in a and subjected to TUNEL at day 4 after infection. Ccl5 À/À cells were also incubated with Ccl5 for 1 h before inoculation, and wild-type cells were incubated with Ccr5-specific antibody (Ccr5 Ab) from day 0 to day 4. (e) Human macrophages were incubated with or without CCR5-specific antibody (CCR5 Ab) and infected with SeV or respiratory syncytial virus (MOI 20) and subjected to TUNEL, or infected with influenza virus and subjected to immunostaining for active caspase 3 on day 4 after inoculation. For mouse and human cells, the same patterns were observed at days 1, 2 and 8 after infection and MOI 1-100. Control inoculation with SeV-UV gave no detectable signal for viral staining or TUNEL reaction. For b-e, values represent mean ± s.e.m. (n ¼ 5). *P o 0.05. (f) Macrophages from Ccl5 À/À and wild-type mice were infected as in a, and cell supernatants were analyzed by real-time quantitative PCR for viral copy number. Ccl5 À/À macrophages were also treated with vehicle or Ccl5 (10 nM) for 12 h before inoculation.
( Fig. 5b-d) . We also found that Ccl5 À/À mice showed decreased expression of the Erk-dependent c-fos family of transcription factors by day 8 after inoculation (Fig. 5e,f) . Accordingly, we detected viral induction of c-fos family members (especially fos-like antigen 1) in wild-type but not Ccl5 À/À cells in culture ( Supplementary Fig. 7 online).
Next we tested whether macrophage depletion was sufficient to reproduce the pathology predicted by loss of macrophage antiapoptotic signaling in the Ccl5 À/À phenotype. Accordingly, we depleted macrophages in wild-type mice during SeV infection using clodronate liposomes. We found a marked and selective decrease in macrophage infiltration at the site of infection (Fig. 6a,b) . Furthermore we found evidence of persistent virus in macrophage-depleted mice at late time points (day 9) despite similar viral replication in macrophage-depleted and control mice at early time points (days 1-7; Fig. 6a,c) , correlating precisely with the pattern in Ccl5 À/À and Ccr5 À/À mice. Similarly, macrophage-depleted and control mice developed similar levels of apoptotic epithelial cells at day 7, but only macrophage-depleted mice retained apoptotic cells by day 9 (Fig. 6a,d) . Persistent viral infection was accompanied by airway inflammation that led to death in a percentage of mice similar to the rate for Ccl5 À/À mice with or without clodronate liposome treatment (Fig. 6e) . In particular, macrophage depletion in Ccl5 À/À mice caused no further mortality beyond macrophage depletion in wild-type mice. Thus, the phenotype for macrophage-deficient mice follows closely the one predicted for defects in Ccl5 À/À and Ccr5 À/À mice (i.e., decreased clearance of virus and apoptotic, infected cells and concomitant decrease in survival from respiratory compromise). Moreover, wild-type and Ccl5 À/À mice no longer showed differences in survival if both were depeleted of macrophages. These findings provide the basis for a heretofore undefined requirement for macrophage-dependent clearance of virus-infected cells that could be sufficient to explain the observed immune compromise in the setting of viral infection.
DISCUSSION
Host defense against intracellular pathogens is traditionally defined by innate and adaptive immune responses aimed at death of infected cells. Chemokines and macrophages influence both arms of the immune response 7, 19, 20 , so it is not surprising that in other models of infection, loss of chemokine expression results in decreased immune cell recruitment 10, 11 . Based on this anti-inflammatory action, chemokine antagonism has been offered as a therapeutic approach for inflammatory diseases 21 . CCR5 signaling has also been targeted for specific blockade based on the ability of CCR5 to serve as a viral coreceptor 22, 23 .
Here we show that the chemokine of Ccl5 also has a distinct role in host defense based on Ccl5-Ccr5 activation of G-protein-dependent PI3K-AKT and MEK-ERK signaling pathways that are essential to inhibit apoptosis of virus-infected cells. Ordinarily, apoptosis of infected cells is helpful for host defense 24 , but the present paradox whereby increased apoptosis is harmful to the host may be explained by the crucial role of infected macrophages in resisting cell death and so efficiently clearing virus-infected, apoptotic cells from the tissue. If this clearance process is disrupted, pathogens are not effectively removed and residual apoptotic cells, including activated macrophages, can cause further tissue damage. Because of the widespread role for the macrophage in host defense, Ccl5-Ccr5 influence on cell death may be crucial for effective clearance of a wide range of intracellular pathogens. Our insights may therefore hold value for susceptibility to infection and specifically for respiratory viral infection, given that paramyxoviruses and influenza viruses are common causes of serious respiratory infection and major influences on chronic respiratory disease [25] [26] [27] [28] . Our results also help to address how intracellular signaling can be tailored to host defense against specific pathogens. Thus, viral infection selectively promotes expression of Ccl5 (but not Ccl3 or Ccl4) as ligand and Ccr5 (but not Ccr1 or Ccr3) as corresponding receptor. Whereas expression of the Ccl5 gene is controlled by transcriptional and post-transcriptional mechanisms 5 , Ccr5 mRNA is uninfluenced by viral infection so that expression of Ccr5 protein may depend on increased translation or accelerated transport of Ccr5 to the cell surface. In either case, our findings show the host can coordinate expression of Ccl5 and Ccr5 at the site of viral replication to promote an efficient antiviral defense. These distinct regulatory mechanisms of gene expression also explain why other receptor-ligand combinations cannot compensate for Ccl5 and/or Ccr5 deficiency despite their ability to activate PI3K-AKT and MEK-ERK antiapoptotic signals.
Finally, our results also help to resolve the role of CCL5 concentration on cellular responses. CCL5 has been found to act on T cells as a chemoattractant at low (nanomolar) levels and an activator at high (micromolar) levels 7 . Whether these higher concentrations are functional in vivo remains uncertain. Thus, Ccl5 À/À mice develop fewer antigen-specific T cells during the delayed-type hypersensitivity response to keyhole limpet hemocyanin (KLH) 9 but generate normal levels of virus-specific T cells in response to viral infection. In both settings, tissue infiltration by macrophages is abnormal, perhaps underscoring the role of CCL5 in regulating macrophage behavior. Nonetheless, subsequent reports identified high-level CCL5 multimers binding cell-surface GAGs and triggering SRC kinase-dependent activation of ERK in transformed cell lines 18 . Our results indicate that CCL5 activates a similar pattern of SRC-ERK signals in primary macrophages. But the same downstream signal is derived from lowlevel monomeric CCL5 interacting with CCR5 and so still helps to protect against virus-induced apoptosis. Moreover, CCL5-CCR5 interaction provides an additional PI3K signal that is also necessary for protection against virus-inducible apoptosis. The complex nature of this signaling mechanism ( Supplementary Fig. 8 online) thereby allows for distinct effects on different viral pathogens. Indeed, the genetic variability of CCR5 alleles in humans may reflect ongoing pressure to adapt this system to defend against viral pathogens as diverse as human immunodeficiency virus and paramyxoviruses 22, 29 . Whether similar variability exists in CCL5 expression still must be defined, but our results provide a mechanistic basis for predicting how genetic or pharmacologic alterations in CCL5-CCR5 function may influence host defense against common paramyxoviral infections.
METHODS

For details, see Supplementary Methods online.
Generation and treatment of mice. We generated Ccl5 À/À and control wildtype mice as described previously 9 and obtained Ccr5 À/À mice 30 and control C57BL/6J mice from The Jackson Laboratory. We maintained all mice under pathogen-free conditions as described previously 1, 14 . For macrophage depletion, we treated mice with 2 mg clodronate-containing or control liposomes 31 given by intraperitoneal injection 3 d before viral inoculation and then 0.5 mg on days 0, 3, 6, 9, 12 and 15 after inoculation with SeV.
Viral inoculation and monitoring. We obtained SeV (Fushimi Strain), respiratory syncytitial virus (A2 strain), and influenza virus (FluV; H1N1 Strain A/WS/SS) from ATCC and inoculated mice or cell cultures as described previously 1, 5, 14 . We delivered SeV intranasally at 2 Â 10 5 plaque-forming units (p.f.u.) and FluV at 70 TCID 50 to induce similar mortality rates in wild-type mice. We monitored viral titer as described previously 1, 5, 14 .
Analysis of mRNA. We performed in situ hybridization using a 0.5-kb Ccl5 cDNA fragment cloned into pGEM3Zf-1 (Promega) to produce 35 S-UTPlabeled sense and antisense cRNA transcripts with the Gemini Riboprobe system (Promega). For oligonucleotide microarray, we converted isolated RNA to cDNA with poly(A) + control spikes and then fragmented cRNA as described previously 32 and amplified poly(A) + RNA using RiboAmp (Arcturus) followed by BioArray High Yield RNA Transcript Labeling (Enzo). We hybridized duplicate samples to gene chip U74-A (Affymetrix) and generated CEL data files by MAS 5.0 (Affymetrix). Microarray normalization and analysis were performed using previously described methods [33] [34] [35] [36] .
Immunohistochemistry. We immunostained mouse lung for SeV, Mac-3 and Ccl5 as described previously 1, 14 . We performed immunofluorescence microscopy using Ccr1-, Ccr3-or Ccr5-specific monoclonal antibodies (Santa Cruz Biotechnology), CD68-specific monoclonal antibody (Serotec) 37 and active caspase 3-specific monoclonal antibody (BD PharMingen) and detected primary antibody binding using Cy3-or FITC-conjugated antibodies (Jackson ImmunoResearch Labs). We performed TUNEL reaction using the ApoTag Plus Fluorescein In Situ Apoptosis Detection kit (Intergen) and Hoechst dye #33342 (Molecular Probes). We also blocked tissue sections with nonimmune rabbit serum and incubated them with rabbit antibody to mouse phosphorylated Akt (Cell Signaling Technology) or c-fos family-specific antibody (Santa Cruz Biotechnology) followed by biotinylated donkey antibody to rabbit IgG, streptavidin-conjugated horseradish peroxidase and 3.3¢-diaminobenzidine.
Flow cytometry. We isolated splenocytes and lung immune cells and performed BAL as described previously 1, 38, 39 . We blocked samples with antibody to mouse CD16 and CD32 (BD Biosciences) and then immunostained with antibody to mouse CD3, CD4, CD19, CD25, CD44, CD62L or isotype control (Pharmingen) or CD8a-specific monoclonal antibody (Caltag Laboratories) conjugated with FITC, PE or PerCP. We performed intracellular cytokine staining with antibody to mouse interleukin (IL)-4 or interferon (IFN)-g as described previously 38 . We detected specific SeV + T cells using tetrameric MHC-peptide reagents for SeV nucleoprotein (NP 324-332 ) or control ovalbumin peptide (SIINFEKL) complexed with K b provided by the National Institute of Allergy and Infectious Disease Tetramer Core Facility 40 .
Cell culture and immunocytochemistry. We prepared macrophage cultures from mouse and human peripheral blood by Lympholyte-Mammal (Cedarlane) or Optiprep (Accurate Chemical and Scientific) gradient centrifugation, respectively, and adherence to 8-well Labtek chambers. We inoculated cultures on day 5 with SeV (MOI 0. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] or SeV-UV for 1-8 d with or without Ccl5 (Peprotech), goat antibody to mouse Ccr5 (0.4 mg/ml; Santa Cruz Biotechnology), mouse antibody to human CCR5 (50 mg/ml; R&D Systems), LY294002 (5 mM) or PD98059 (25 mM; Calbiochem). For each condition, we immunostained cultures with SeV-specific antibody and CY3-conjugated rabbit antibody to rat IgG or with activated caspase 3-specific antibody and Cy3-conjugated donkey antibody to rabbit IgG (Jackson ImmunoResearch Laboratories), counterstained them with Hoechst 33342, and subjected them to TUNEL. We monitored virus induction of Ccl3, Ccl4 and Ccl5 by ELISA (R&D Systems). For in vivo correlation experiments, we collected lung tissue cells and BAL fluid cells in DMEM and subjected them to immunofluorescence microscopy with Mac-3-specific antibody, Ccr5-specific antibody, CD68-specific monoclonal antibody, chicken antibody to SeV (SPHFAS, Inc., Charles River Laboratories), or rabbit antibody to phosphorylated Erk1/2 or phosphorylated Akt (Cell Signaling Technology).
Western blotting. We serum-starved macrophage cultures for 1 d before incubation with CCL5 with or without pretreatment with pertussis toxin (4 mg/ml), LY294002 (50 mM), PD98059 (25 mM), PP2 (10 mM) or herbimycin A (10 mM; CalBiochem). We subjected cell lysates to western blotting with IgG 2B antibody to phosphorylated AKT and rabbit antibody to phosphorylated AKT, mouse IgG 1 antibody to phosphorylated ERK1/2 or mouse IgG 1 antibody to b-actin (Chemicon). We then incubated membranes with goat antibody to mouse IgG or IgG 1 or sheep antibody to rabbit IgG conjugated to horseradish peroxidase (Chemicon), exposed them to enhanced chemiluminescence (ECL) reagent and hyperfilm (Amersham), and subjected them to densitometry.
